Purpose: To explore the use of polyvinylpyrrolidone (PVP) for simulated materials with tissue-equivalent dielectric properties. Methods: PVP and salt were used to control, respectively, relative permittivity and electrical conductivity in a collection of 63 samples with a range of solute concentrations. Their dielectric properties were measured with a commercial probe and fitted to a 3D polynomial in order to establish an empirical recipe. The material's thermal properties and MR spectra were measured. Results: The empirical polynomial recipe (available at https://www. amri.ninds.nih.gov/cgi-bin/phantomrecipe) provides the PVP and salt concentrations required for dielectric materials with permittivity and electrical conductivity values between approximately 45 and 78, and 0.1 to 2 siemens per meter, respectively, from 50 MHz to 4.5 GHz. The second-(solute concentrations) and seventh-(frequency) order polynomial recipe provided less than 2.5% relative error between the measured and target properties. PVP side peaks in the spectra were minor and unaffected by temperature changes. Conclusion: PVP-based phantoms are easy to prepare and nontoxic, and their semitransparency makes air bubbles easy to identify. The polymer can be used to create simulated material with a range of dielectric properties, negligible spectral side peaks, and long T 2 relaxation time, which are favorable in many MR applications.
INTRODUCTION
Materials used as a substitute for biological tissues are ubiquitous fixtures in various electromagnetic applications. Wireless technologies utilize a standardized anthropomorphic mannequin head phantom with realistic anatomical and dielectric properties as a test bed to measure RF dosimetry in specific absorption rate compliance testing (1) . Similarly, materials with dielectric properties that are matched to those of biological tissues are essential reference standards in MRI for quantitative techniques, protocol, and RF coil development, and in thermometry. A characteristic shared among electromagnetic applications is that the fields interact and are indeed shaped by the object itself. This interaction underscores the importance of tissue-mimicking objects, or phantoms, in system calibrations and other measurements that precede in vivo application (2) . In MRI, dielectric phantoms have received greater interest as the static main field in whole body devices has progressed from 1.5T in the 1980s to 10.5T today (3, 4) . Stronger magnets generate higher resonance frequencies, which are associated with shorter wavelengths that result in more pronounced interactions between the object and electromagnetic fields (5-7). These interactions cause constructive and destructive interference patterns that depend on the shape and dielectric properties of the object. Traditional MRI phantoms that replicate tissue relaxation properties (T 1 and T 2 ) (8-14) may not be appropriate for certain image protocol development at high field strengths if they yield an electromagnetic field distribution that is not representative of in vivo situations. The purpose of this work is to prepare and characterize phantoms with tissue-equivalent dielectric properties that are suitable for MRI or wireless applications.
Given that MRI routinely probes the proton nucleus, water-based phantoms are preferred. Although human tissues have dielectric properties that cover a wide range, most have an electrical conductivity greater than that of water and a relative permittivity less than that of water at frequencies above 100 MHz (15) . Ionic compounds, such as salt, are commonly used to increase electrical conductivity in tissuemimicking materials, whereas various substances, such as alcohol, sucrose, or polymers, have been used to reduce permittivity to the desired value (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) . Alcohol and sucrose can be unfavorable because they introduce extraneous spectral components that complicate the MR signal evolution and can reduce the relaxation times. These are particularly undesirable characteristics in MR thermometry techniques based on proton resonance frequency shift, because the measurement precision is directly proportional to T (33) (34) (35) (36) (37) . PVP is a nontoxic (38) , readily available, and water-soluble polymer that, unlike alcohol and sucrose, generates negligible extraneous spectral components. The main aim of this work was to introduce a parametric recipe for PVP-based tissue-equivalent phantoms with a range of dielectric properties. We additionally reported thermal properties, which are expected to be relevant in thermometry or dosimetry experiments.
METHODS
To motivate the use of tissue-equivalent phantoms in MRI, we performed full-wave simulations using an analytic framework based on dyadic Green's functions (5,39) with objects of various dielectric properties. In particular, we simulated the jB À 1 j field of a surface loop coil in the central transverse plane of a head-sized cylindrical phantom. Simulations were performed at 64 and 300 MHz, with the object's electrical conductivity set to 0, 1, and 2 siemens per meter (S/m) and relative permittivity set to 1, 40, and 80. For brevity, the term conductivity will refer to electrical conductivity in the remainder of the paper. Figure 1 illustrates how the object's dielectric properties influence the jB À 1 j field pattern at 64 MHz. This effect is even more pronounced as the operating frequency increases, in which features such as the socalled dielectric brightening and B 1 twisting are clearly visible, indicating the presence of interference patterns and conduction currents in the sample (5, 21, (40) (41) (42) .
In light of these observations, the use of phantoms that mimic the dielectric properties of tissues is important when the wavelength is short compared to the sample size. In this work, PVP is used to control permittivity in water-based phantoms. We acquired proton NMR spectra in two samples doped with 34% PVP and 49% sucrose, respectively, on a 500 MHz spectrometer (AV-500, Bruker, Billerica, MA). Spectra were measured over a temperature range 25 C to 35 C, with a step of 1 C to determine the temperature coefficient a, which expresses the sensitivity of the material's resonance frequency to its temperature. We proceeded to prepare candidate phantoms with a range of solute concentrations to investigate their relation to electrical properties over a range of frequencies. Specifically, we used three ingredients:
1. Distilled water as solvent; 2. NaCl (sodium chloride S9625: anhydrous, free-flowing, Redi-DriTM, ACS reagent, ! 99%, Sigma-Aldrich, St. Louis, MO) to control conductivity; and 3. Polyvinylpyrrolidone (PVP40: average molecular weight 40,000 g/mol, Sigma-Aldrich, St. Louis, MO) to control permittivity.
The ingredients were carefully weighed and mixed together. No heat was required to dissolve the solutes. The solutions were allowed to homogenize for approximately 48 hours at room temperature.
A collection of 63 125 mL samples were prepared with PVP concentration that ranged from 0% to 50% at intervals of 6.25%, and NaCl concentration between 0% to 1.5% at intervals of 0.25%. All concentrations are reported as percentage weight per weight (w/w), relative to the mass of the solution. Nine extra samples were prepared with PVP concentration 37.5% to 50%, and NaCl concentration 2% to 7%, to expand coverage to lower permittivity and higher conductivity values.
The dielectric properties of each sample were measured with a probe and electronic calibration module that was recommended by the manufacturer to improve measurement stability (models 85070E and 85093C, Agilent, Santa Clara, CA) from 50 MHz to 4.5 GHz, with 5 MHz step at 21 C. Because the manufacturer does not recommend the use of the probe at frequencies below 200 MHz, we performed measurements on materials with known dielectric properties (saline solutions with various concentrations, methanol and 2-propanol) (43) (44) (45) (46) to estimate probe accuracy. The data were fitted to a 3D polynomial using customized MatLab software (version R2013b, with supporting parallel computing toolbox; MathWorks, Natick, MA), for which the dimensions represent NaCl and PVP concentrations and frequency. In our experience, polynomial fitting was appropriate because of its robustness to measurement noise, feasibility to incorporate supplemental data points, and parameterized output recipe. In addition, to avoid a result that was numerically dominated by one particular input variable while disregarding the others, all inputs (PVP concentration, NaCl concentration, and frequency) were normalized to approximately unity before polynomial fitting was performed.
As a step toward recipe validation, we compared the predicted and measured dielectric properties of two additional phantoms with properties that targeted the human heart and skeletal muscle at 300 MHz and 500 MHz, respectively (15) . To investigate the stability of the solutions, the dielectric properties of a 25% PVP/1% NaCl and a 50% PVP/1% NaCl phantom were measured over the course of 1 year. During this time, they were stored in sealed plastic containers at room temperature. No preservatives were added.
The dielectric properties of three samples were measured over the range of temperatures 25 C to 45 C to determine their dependency on temperature. The samples contained the same amount of PVP (25%) and increasing amount of NaCl (0%, 0.75%, and 1.5%).
We developed a gelling procedure in order to make the phantoms suitable for MR thermometry measurements. Gel phantoms perform better in MR thermometry, local specific absorption rate calculation, or dosimetry because they mitigate heat convection, which can lead to underestimation of heating due to RF power deposition. As gelling agent, we used Select Agar (A5054, Sigma-Aldrich, St. Louis, MO) with a concentration of 2% of total volume. Agar was added to the PVP and salt solution, and the mixture was heated to 85 C while stirring until complete dissolution of the agar. Finally, the material was allowed to cool to room temperature. For phantoms with high PVP concentrations (40% or higher), a hot water bath is recommended to slow the cooling process to reduce air bubbles formation. Volumetric heat capacity and heat diffusivity were measured on PVP gel phantoms using a thermal properties analyzer (KD2 probe, Decagon Devices Inc., Pullman, WA).
To assess T Ã 2 in phantoms with different permittivitycontrolling solutes, gradient echo images were acquired in three PVP-based and three sucrose-based gel phantoms with dielectric properties of heart, muscle, and white matter. The images were acquired on a 7T wholebody MR system (MAGNETOM, Siemens Healthineers, Erlangen, Germany), with 12 linearly spaced echo times ranging from 6.3 to 60.6 ms.
RESULTS
The dielectric measurements in reference materials were in good agreement with predicted values in the frequency range tested here (see Supporting Table S1 and Supporting Fig. S1 ), indicating that the PVP dielectric recipe is valid over the same range (50 MHz-4.5 GHz). The master dielectric recipe was empirically developed using the following 3D polynomial orders to capture data dynamics while reducing sensitivity to measurement noise: 2nd order on PVP concentration, 2nd order on NaCl concentration, and seventh order on frequency. The polynomial function shows good agreement with the measured data (Fig. 2) . This function is reimplemented in GNU Octave (version 4.0.3, https://www.gnu.org/software/octave/) and is available as a Web application at https://www.amri. ninds.nih.gov/cgi-bin/phantomrecipe.
The fitted second order polynomial surfaces are shown in Figure 2 at 300 MHz. The polynomial functions are well-fitted to the data points, with relative error 1.1% for relative permittivity and absolute error 0.06 S/m for conductivity. The absolute error is reported for conductivity because values close to zero dominated the relative error.
Interdependence between the solute concentration and dielectric properties was observed. In particular, as the concentration of PVP increases, the amount of NaCl needed to achieve a given conductivity value increases as well. The relative errors in the predicted dielectric properties for the 7T (300 MHz) muscle phantom and Synthesized Tissue-Equivalent Dielectric Properties Using a Water-Soluble Polymerthe 11.7T (500 MHz) heart phantom used to validate the recipe were below 2.3%.
The presence of multiple side peaks in the NMR spectrum, which is typical of sucrose-based phantoms, is reduced in PVP phantoms (Fig. 3) . This represents an important advantage of PVP over sucrose-based phantoms in thermometry experiments. The dependence between temperature and resonance frequency is also shown in Figure 3 . As the temperature increases, the water peak shifts, as expected, in both phantoms. The difference between the two phantoms is in the side peaks shift; the sucrose side peaks move toward those of water, whereas PVP side peaks were stable.
The temperature coefficient of the PVP phantom was -0.0106 ppm/ C, which is comparable to that of pure water (47) . The value for the sucrose phantom was -0.0085 ppm/ C, suggesting interchange between the two species. To account for system-related global frequency shift during the experiment, the temperature coefficients were calculated using the frequency difference between the water peak and largest solute side peak in consecutive acquisitions.
The relative permittivity of the 25% PVP/1% NaCl sample was initially 64.0 and then 61.4 after 6 months, where it remained stable 12 months after preparation. The 50% PVP/ 1% NaCl sample showed a more variability; its permittivity went from 43.4 to 40.8 after 6 months and 35.0 after 12 months. Its conductivity was decreased from 0.36 S/m to 0.33 S/m after 6 months and 0.26 S/m after 12 months. No degradation in purity or homogeneity was visually observed.
The 25% PVP phantom permittivity varied approximately linearly with temperature in the range 25 C to 40 C, with slope approximately À0.1 C À1 at 300 MHz. The sensitivity of conductivity to temperature increased with NaCl concentration; the linear dependence was 0.001, 0.010, and 0.023 S/m C for 0%, 0.75%, and 1.5% NaCl, respectively. Similar volumetric heat capacity and heat diffusivity values were measured in the heart, muscle, and white matter PVP gel phantoms (3.48 6 0.21 MJ/m 3 K and 0.13 6 0.01 mm 2 /s, respectively). Recipes to simulate heart, muscle, and white matter tissues at 300 MHz are listed in Table 1 . Figure 4 shows that the effective T Ã 2 is much longer for PVP-based phantoms compared to sucrose-based phantoms with the same dielectric properties, which translates into higher SNR and makes PVP phantoms advantageous for many MR applications.
DISCUSSION AND CONCLUSIONS
This work explored PVP as a means to create materials with a range of dielectric properties that represent various human tissues: from 40 to 78 for relative permittivity and from 0.2 to 2 S/m for conductivity. Our measurements were packaged into an empirical recipe that provides the required solute concentration for a desired set of dielectric properties and operating frequency. We focused on materials with relative permittivity less than that of water, which are relevant for most soft tissues at frequencies greater than 100 MHz. PVP proved to be a suitable solute to reduce the permittivity of water from   FIG. 3 . Sucrose-based (a) and PVP-based (b) phantom NMR spectra at different temperatures. The amplitudes were normalized to the water peak. Sucrose is characterized by multiple side peaks that shift toward the water's peak as the temperature increases, leading to a complicated signal phase evolution. Conversely, PVP side peaks are considerably smaller and unaffected by temperature changes, making the solute more suitable for MRI applications. PVP, polyvinylpyrrolidone.
its baseline to values as low as approximately 40 . Although values of relative permittivity below 40 may be relevant to replicate certain tissues or combinations thereof, we found that approximately 50% w/w PVP concentration approached the solubility limit of the polymer in water by manual mixing or standard magnetic stirring devices. Higher concentrations of PVP in water could be possibly prepared with more sophisticated mixing tools. Although this work focuses on MRI applications, the parametric recipe covers a wide frequency band (50 MHz-4.5 GHz) that can serve other technologies.
The recipe and dielectric values reported in this work are based on PVP with a molecular weight of 40,000 g/ mol. PVP phantom properties are expected to be influenced by molecular weight, for which a wide range is readily available. This extra degree of freedom could offer the opportunity to tune dielectric parameters in addition to other properties such as viscosity (48, 49) .
The liquid PVP phantoms are expected to be useful for MRI or electric field measurements that require electromagnetic patterns representative of those in vivo. The phantoms can be gelled using agar, which has a negligible effect on dielectric properties. A gelled phantom provides a static medium that prevents heat convection, which is useful for local specific absorption rate, dosimetry, and MR thermometry measurements.
In proton resonance frequency-based MR thermometry, the difference in the signal phase from two gradient-echo acquisitions is related to local heating by the material's temperature sensitivity, which is well-known for water (a % À0.01 ppm/ C) (47) . The signal in a dual-species material, such as water doped with PVP or sucrose is:
r n e ivntÀR Ã 2;n t Þ Á e ic ;
where A w and A s are the proportions of the water and secondary components; t the echo time; R Ã 2 the inverse of T Ã 2 ; and c the global offset frequency (31, 32) . Signals from the nth spectral peak are represented by normalized amplitude r n and frequency x n , for which the amplitudes sum to unity. For the PVP phantom whose spectra is illustrated in Figure 3b , the minor secondary peaks (A w /A s ¼ 7.6) result in a roughly linear relationship between x w and the phase of S, or likewise between x w and the temperature change through a. In contrast, A w /A s ¼ 2.3 for the sucrose phantom in Figure 3a , which gives added weight to the second term of the above signal equation and makes it more difficult to determine x w . Another important advantage of PVP phantoms is that proton resonance frequency-based MR thermometry can be performed with improved precision (30) because they have longer T Ã 2 values than sucrose phantoms, with equivalent dielectric properties (see Fig. 4 ). Longer T Ã 2 also implicates in higher SNR, which can be beneficial for EP mapping techniques (50) (51) (52) (53) (54) .   FIG. 4 . Signal intensity as a function of TE for three PVP-based (solid lines) and sucrose-based (dotted lines) gel phantoms mimicking muscle (green), heart (blue), and white matter (red). The MR signal decays more slowly in the PVP phantoms compared to sucrose phantoms with the same dielectric properties. The water bath in which the phantoms were surrounded has been masked out for clarity. The nonuniform signal intensity within each phantom is due primarily to the characteristic B þ 1 profile at 300 MHz. Although the goal of this study was to develop phantoms with specific dielectric properties, a phantom that additionally replicates in vivo relaxation properties may be valuable for comprehensive MRI protocol development. Ingredients such as agarose can be used to control T 2 , while gadolinium (11), nickel or copper (9, 55, 56) , or manganese chloride (57, 58) have been utilized to modify T 1 . However, these ingredients additionally influence conductivity, which necessitates a more complex recipe than that proposed here to simultaneously achieve the desired conductivity, permittivity, and T 1 and T 2 .
The reader should be aware that PVP, as is the case with many polymers, is prone to degradation over long periods of time. We observed a drop in the electrical properties in samples with high PVP concentration (>30% w/w) after 1 year, whereas the low PVP concentration samples were more stable. One hypothesis is that dielectric instability may be due to the formation of crosslinks along the polymer chain, which reduces mobility.
We developed an empirical recipe for PVP-NaCl-based phantoms that mimic tissue dielectric properties by fitting direct measurements to a polynomial equation. The recipe has been made publicly available to facilitate phantom preparation by other investigators. PVP phantoms have several advantageous properties, including straightforward fabrication, its nontoxic character, and semitransparency that makes air bubbles easy to identify. Their application in MR thermometry is valuable due to their long T Ã 2 values and predominantly single spectral peak.
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